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Critical Current of Mechanically Loaded Nb3Sn
Superconducting Multi-Strand Cable
K. Seo, A. Nishimura, Y. Hishinuma, K. Nakamura, T. Takao, G. Nishijima, K. Watanabe, and K. Katagiri
Abstract—We developed a novel critical current and stability
experimental setup utilizing a closed electric circuit with a
multi-stand superconducting cable. The feature of this setup is
transverse mechanical loading implied to the multi-strand cable in
the transverse direction. It was reported that Lorentz force caused
degradation of critical current in the ITER-TFMC conductor.
Furthermore, these phenomena were only observed in the ITER
full size conductors with large Lorentz forces under high magnetic
field. The advantage of our setup is a critical current measurement
with comparable mechanical stress under high magnetic field.
Employing an inductive critical current measurement technique,
we conducted the experiment with transport current of around 10
kA without any power supply nor current lead. As experimental
results, we observed significant degradation due to compressive
stress of around 30 MPa. This degradation was found irreversible,
when it was unloaded.
Index Terms—CICC, critical current, Nb3Sn, superconductor,
transverse load.
I. INTRODUCTION
SUPERCONDUCTING materials for high magnetic fieldapplication, i.e., A15 and HTS, are mechanically brittle,
without exception. Degradation due to huge electromagnetic
force is unavoidable in magnetic confinement fusion applica-
tion. The requirement to clarify the degradation mechanism
is increasing rapidly. Magnitude of the degradation, effect of
cyclic load, mitigation technique, and evaluation methods with
small sample must be studied for.
In the fusion magnet, whose magnetic field and electromag-
netic force are large, huge amount of structure materials are nec-
essary. Consequently, the volume fraction of superconductor be-
comes small and it results in the large current density in the su-
perconductor. Practical examples are described in Fig. 1. The
graphs represent the fractions of individual components at the
inboard sections of TF coils in ITER [1], JT-60SA and EAST
Tokamak. The larger scale and the higher magnetic field ma-
chine requires the more structure materials; those are coil cases,
radial plates and conduits. In these graphs, spaces of the circles
correspond to these of individual magnets’ cross sections. When
we extend this concept to a future fusion reactor, the amount
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Fig. 1. Volume fractions of components composing inboard portion of super-
conducting TF coils. a) Schematic illustration of ITER TF coil, b) volume frac-
tions in ITER TF coil [1], c) JT60-SA and d) EAST. Some data obtained by
private communications.
of structure will be larger and superconductor will be less than
ITER.
Inevitably, the superconductor of large critical current density
under both high magnetic field and large mechanical stress will
be required in future. However, transverse stress effect was re-
ported for the ITER superconducting model coils [2]. Recently,
in the ITER TF model coil (TFMC), the effective strain was
reported around 0.8%. This corresponds to the degradation
of critical current up to 1/4 of an intrinsic performance of em-
ployed conductor [3].
Requirements to reveal the degradation mechanism and to
mitigate this degradation are grown up. In this study, we pro-
posed a simple experimental setup to investigate the degrada-
tion due to transverse loading under high magnetic field [4],
[5]. We named our experimental project TRAnsversally Pressed
Superconducting cable loop Experiment, TRAPSE. Effects of
cyclic loading up to one thousand times were observed. Irre-
versibility of the degradation during load-unload cycles was also
discussed.
II. EXPERIMENTAL
Specification of a superconducting cable is represented in
Table I. Photograph, schematic illustration without a mandrel
and an equivalent circuit of the sample are shown in Fig. 2. The
cable was wound around a stainless steel mandrel. It was
heat-treated at 700 C for 100 hr. Stainless steel contracts more
than . Namely, the condition of our sample differs from
the CICC, which has a stainless steel conduit. When the conduit
is made of stainless steel, its thermal contraction coefficient is
larger than , the superconductor is compressed after the
1051-8223/$25.00 © 2007 IEEE
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TABLE I
SPECIFICATION OF SUPERCONDUCTING CABLE
Fig. 2. a) Photograph of TRAPSE sample, b) schematic illustration of the
cable, and c) equivalent circuit.
heat treatment. Before the heat treatment, the cable was com-
pressed by two M5 bolts in the axial direction of the mandrel.
However, this pre-compression was released after the heat treat-
ment.
Plated chromium was removed by chrolic acid after the heat
treatment in both ends of the cable. The both ends are soldered
together and the praying hands lap-joint was made. The joint
resistance must be as small as possible to induce a large current
up to critical current. The resistance was observed 6.8 in
our experiment. Of course, when the turn number is increased, it
becomes easier to induce large current. However, it results in the
large unbalanced electromagnetic force in the axial direction of
the mandrel. Therefore, we selected three turns compromising
both requirement of the large induced current ans the mitigation
of the unbalanced electromagnetic force.
Initial diameter of the cable was around 5 mm. By the me-
chanical load, the height reduced to about 4 mm. Therefore,
the extensometer measuring displacement of more than 1 mm
was required. We designed and fabricated a tandem type exten-
someter, which looked like two ordinal clip-gauges connected
in series.
The load was applied by both a geared DC motor and a me-
chanical jack. The motor was controlled by a computer. Ob-
serving a load of a pull-rod, the cable was loaded and unloaded
repeatedly. One thousand of load-unload cycles, whose max-
imum load was 20 kN, were applied to the cable with this mech-
anism. Here, 20 kN corresponds to 29 MPa is averaged stress.
Saturation current, , which was induced by induced
voltage, was basically measured by a Hall sensor. However, the
alignment of the sample becomes worse and the Hall sensor
detects the influence of the bias field, when the electromagnetic
force increases. The saturation current was evaluated from a
lap joint voltage, . The lap joint voltage signal is with
good signal and noise (S/N) ratio. Magnetic field dependence
of the resistance of soldered joint was revealed negligibly small
in our previous study [6].
The circuit equation of the equivalent circuit in Fig. 2c) is
shown in equation (1).
(1)
The circuit is closed and circuit current, , is generated by
magnetic flux change, [7], [8]. The induced voltage,
is constant during the monotonous ramp rate in magnetic
field, and is balanced with sum of induction voltage of closed
circuit, , joint voltage, , and superconducting
cable voltage, . is electric resistance of the super-
conducting cable. Since is given by V-I property of the
cable, it is affected by current, , magnetic field, , tempera-
ture, , and strain, .
Fig. 3 shows basic principle of TRAPSE. Effective loaded
length is 0.1 m, and it is located in the center of the bias mag-
nets. The induced voltage at ramp rate of 4 A/min is 30 in
total. Therefore, the maximum electric field in the test section is
3 . When the induced current is regulated by the ,
the change of current is almost zero, the induced voltage
is equal to sum of voltage drops at both the superconductor and
the joint portions. Here, the current is defined saturation current,
, and they are denoted with open circles in Fig. 3.
In a critical current measurement, the electric field criterion is
constant, e.g., 1 . In other word, the critical current is the
saturation current measured by using a constant voltage power
supply generating electric field of 1 . In our experiment,
the electric field is determined subtracting from induced
voltage, 3 . It is not constant value, because the joint
voltage, changes with saturation current, . Therefore, we
call it saturation current in our experiment. However, and
are almost identical at high magnetic field as shown in Fig. 3b).
III. RESULTS
Fig. 4 shows load-displacement curve during the test. The
curve during one thousand of load—unload cycles was obtained
and plotted. Hysteresis becomes small during the one thousand
cycles. However, the displacement shifted by the length of 50
m. The curve in Fig. 4 represents the average of three exten-
someter signals [5].
Fig. 5 shows saturation currents with various loads. During
the increase of the bias magnetic field, current flows to shield
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 02,2010 at 23:29:31 EST from IEEE Xplore.  Restrictions apply. 
1392 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 17, NO. 2, JUNE 2007
Fig. 3. Saturation current and critical current. a) Relationship between critical
and saturation currents and b) defference beween critical and saturation currents.
Hatched area corresponds to induced voltage and fractions of flux flow and joint
voltages change with induced current.
Fig. 4. Load-displacement curve during the test. Averaged value of three sen-
sors is plotted.
the external magnetic field from the closed loop. In contrast,
during the decrease of the bias magnetic field, the current traps
magnetic field in the loop. By applying a load, saturation current
decreases. For example, it degraded by 50% from original value
by 20 kN in load.
Fig. 6 shows the comparison between critical current esti-
mated from a short strand sample test results and measured
saturation current with 1 kN in load. The critical current of
the strand, which was heat-treated simultaneously with the
TRAPSE sample was measured by conventional four-terminals
method. The saturation current is almost same as critical current
as we predicted.
Fig. 7 shows the change of saturation currents during load
- unload history. Saturation currents do not recover when the
cable is unloaded. The superconducting material might be me-
chanically destructed by the transverse load.
Fig. 5. Transverse load dependence of saturation current.
Fig. 6. Comparison between critical current estimated from short strand sample
test results and measured saturation current compressed by 1 kN in load.
Fig. 7. Changes of saturation currents during load-unload cycles.
IV. DISCUSSION
The degradation of saturation current became around 50%
with 30 MPa in average stress. This is larger than reported
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experimental results of actual conductors [3]. One reason is
that our cable is relatively loose compared to the actual CICC.
Furthermore, in an actual conductor, Lorentz force is a body
force. Hence, one strand experiences various magnitude of
stress along the length of it, because of multiple-stage twisting.
Consequently, our study tends to over-estimate the degradation
due to transverse loading.
In our sample, crossover points between strands do not
change. In contrast, in the actual CICC, the crossover points
might be changed after a history of cool down and warm up.
At that time, some influence of cyclic loading on the critical
current might occur.
Some ideas to mitigate this degradation are address as fol-
lows. Researchers involved in the ITER design activity pro-
posed both reduction of void fraction and/or elongation of twist
pitches. We are now considering a possibility of molding the
void between strands with solder, ice or liquid ceramics. Here,
ice has large thermal conductivity and it has some possibility to
mold the superconducting cable without losing thermal conduc-
tivity between strands [9].
In either case, a new idea will be required for a supercon-
ducting magnet beyond ITER. The experimental setup proposed
in this study is useful to investigate a new configuration of con-
ductor in future.
V. CONCLUSION
We developed the saturation current test facility by induced
current technology. Stress displacement curve including one
thousand load-unload cycles was obtained with this experi-
mental setup. By the averaged stress of 30 MPa, saturation
current was degraded to a half of the original. Furthermore,
it did not recover by unloading. The degradation was not
enhanced by the one thousand of load—unload cycles. The
difference of the measured saturation current is several % from
critical current. Therefore, our method is found a simple critical
current measurement technique for a superconducting cable.
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